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Coiled tubings are widely used in oil and gas industries. Fracture toughness test of coiled
tubing is a challenge. Non-standard specimen has to be used due to its geometrical difficul-
ties, ie small thickness and diameter. Taking into account these factors, fracture toughness
resistance curves, J-R curves, of coiled tubings were determined using the Spb method for
the first time. The separability parameter, Spb, is defined as the load ratio between two
specimens at constant displacement, a precracked one that exhibits crack growth during
its test and a blunt notched specimen with constant crack length when tested. Spb method,
which uses Spb parameter, estimates stable crack growth in fracture toughness tests. It has
been applied to different standardized specimen geometries. In this work, the method is
applied to non-standard coiled tubing specimens. The geometry function was experimen-
tally obtained testing four-point bending specimens. Stable crack growth results are com-
pared to those measured using DC potential drop method used as reference method.
Encouraging results were obtained.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Coiled Tubing are thin walled steel tubes of 25–89 mm in diameter and several thousand meters long. They are used in oil
and energy industries to provide a number of production tasks and maintenance services. They suffer plastic deformation
during unwinding of the reel, passing through a goose neck arch guide and an injection unit. Strain levels are about 2–3%,
making the tubing fails by low cycle fatigue in around 100 wrap-unwrap cycles. The fracture behavior of a component is
necessary to know in order to assess the integrity of structures containing crack like defects. For pipe materials with high
toughness, elastic-plastic fracture mechanics (EPFM) provides realistic estimates of the fracture performance of cracked
pressurized pipes. Coiled tubing made of high strength low alloy (HSLA) steel behaves in a ductile manner at working tem-
peratures in and out the well. Under operational conditions, a circumferential crack generally initiates at the inner surface of
the tube. Then the crack can grow through the thickness. Two possibilities may arise in this situation:

(a) Sudden rupture may take place before the crack reaches the surface, causing a break before leak condition. In this case,
the crack growing through the thickness, reaches its critical crack size. It must be taken into account that the critical
crack size could be changing in every tensile strain cycle [1].
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Nomenclature

a crack length
ap precracked crack length
ab blunt notched crack length
b remaining ligament
b0 blunt notched initial remaining ligament
bb blunt notched remaining ligament
C half crack arc length
2C crack arc length
2C0 initial crack arc length
2Cf final crack arc length
C(T) compact tension specimen
CC(T) center cracked panel tension
D coiled tubing external diameter
D1i measure of initial roundness, vertical direction
D1f measure of final roundness, vertical direction
D2i measure of initial roundness, horizontal direction
D2f measure of final roundness, horizontal direction
G geometry function
H deformation function
J J integral
J1C J value at crack growth initiation
m exponent Spb method equation
P applied load
Pp precracked applied load
Pb blunt notched applied load
S span
SE(B) single edge notched bend specimen
SE(T) single edge notched tension specimen
Sij separability parameter blunt notched specimens of i and j crack length
Spb separability parameter of a precracked and a blunt notched specimen
t thickness
W coiled tubing perimeter used as width
c a function to correct J integral in crack growth situations
gpl etha plastic factor, a function to multiply the area under P- v curve to get J integral
v displacement
vpl plastic component of displacement
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(b) The crack can grow through the thickness until it reaches the outer surface and attains a leak before break condition. It
becomes a through wall thickness crack. In case the tube is not repaired or taken out of service, subcritical crack
growth may occur after this condition, until a critical crack size is reached, and the total failure occurs.

Although both cases (a) and (b) can occur in service operation, according to the experience related by users, case (b) takes
place in most operation conditions. At the outside and inside well temperatures, the tube material works in the upper shelf in
which the failure mode can be by ductile tearing. In this situation, the material R curve is necessary to make an instability
analysis.

Fracture toughness of ductile materials is often characterized by the J-integral concept proposed by Rice [2]. The deter-
mination of characteristic values is generally performed through the construction of the material resistance curve (J-R curve).
Stable crack growth has to be estimated for this purpose and different alternatives are available. The first method used was
the multiple specimen technique developed by Begley and Landes [3] in which several identical specimens are loaded to
obtain different amounts of crack growth. The crack lengths are then physically measured on the fracture surfaces after
the specimens have been broken. This method is not always a practical one because large amounts of material and time
are required for specimen preparation and testing. For this reason, considerable efforts were devoted to develop methods
consuming less time and material [4–7]. The most common single specimen testing methodologies applied in the field of
metals are the elastic-unloading compliance and the electrical potential drop techniques. They require special equipment
for on-line measurement of crack extension, are more difficult to implement and present limitations when applied to some
materials or conditions [8,9].

Spb method, was developed [10,11] and successfully applied to fracture toughness of metals and polymers characteriza-
tion [12–16], including high load rate conditions [17]. This concept was originally proposed for several other related appli-
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cations: to determine the gpl factor in pre-cracked specimens, to set up the limits of validity in load separation and to deter-
mine the stable crack growth initiation parameter, JIC, without the need of building the J-R curve [8,18,19].

The Spb method, as normalization, is based on the existence of the load separation proposed by Ernst et al. [20]
P ¼ G
a
W

� �
� H

mpl
W

� �
ð1Þ
where G(a/W) is the geometry function and H(mpl/W) is the deformation properties function.
The Spb parameter is defined as the load ratio between two specimens at constant displacement, a precracked one that

exhibits crack growth during its test and a blunt notched specimen with constant crack length when tested.
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Sharobeam and Landes [21] studied the load separability property in several precracked specimen geometries (C(T), SE
(B), CC(T) and SE(T)), as well as in different materials. For situations when the geometry function, G(a/W), can be fitted by
a potential function
G
a
W

� �
¼ a

W

� �m

ð3Þ
They proved that the Spb parameter adopts the following expression:
Spb ¼ Pp

Pb

����
mpl

¼ ap
ab

� �m

ð4Þ

ap ¼ abðSpbÞ1=m ð5Þ

The Spb method is a simple technique for crack length estimation usually applied to standard specimens and non-standard

specimens in fracture toughness tests [22]. The aim of this work was studying the applicability of this methodology for coiled
tubing specimens. Due to coiled tubing diameter and thickness, no standard specimens must be used. To overcome this prob-
lem, specimens were made with coiled tubing pieces. Because the specimens were not standard, the tests were carried out
adapting Chattopadhyay et al. [23] tube tests to the coiled tubing dimensions. The evaluation of J-integral from test data was
made by the derived limit load analyses developed by Chattopadhyayet al., based on expressions of gpl and c functions.

Test specimens consisted of coiled tubing segments, of 1 m long approximately. The geometry function was experimen-
tally obtained from testing blunt notched coiled tubing specimens with different arc length to width, 2C/W, ratios. Once the
geometry function was determined, the Spb method was used to estimate stable crack growth on a coiled tubing fracture
mechanics test. The results were compared with those obtained by applying the potential drop method -used as reference
method- and fracture surface measurements.

2. Material and methods

Test specimens were cut-out from two coiled tubing materials called A and B. They consisted of coiled tubing segments, of
1 m long approximately, with through wall circumferential cracks, machined by a milling machining process. Two crack
t

Outer span
933 mm

Rm

2C

Inner span
345 mm Crack arc 

length

2θ

Perimeter =W= 2πRm

Fig. 1. Pipe with through wall circumferential crack under four-point bending load scheme.
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front configurations were tested, precracked (PC) and blunt notched (BN) in order to apply Spb method to estimate crack
extension.

Four point bending loading was applied to all specimens in a Wolpert Universal Testing Machine at room temperature. An
inner span of 345 mm and an outer span of 933 mm were applied, Fig. 1. Only the precracked specimens were fatigue pre-
cracked (2–10 mm at each side) before performing the fracture tests. This ensured a sharp crack tip. The geometric details of
the tested specimens are given in Tables 1 and 2.

Load, load line displacement and crack mouth potential drop were recorded during the tests. The direct current potential
drop (DCPD) method represents one of the possibilities to measure crack length during fracture mechanics testing. The DCPD
method works based on the occurrence of an electrical potential drop, DE, caused by a discontinuity in a specimen, like
cracks, when a direct current of a sufficient value passes through the whole specimen cross-section. The disturbance mag-
nitude is a function of crack arc size and length. Advantages and problems related to the application of DCPD method were
discussed [24,25]. The method requires a calibration curve which relates crack arc length with the corresponding potential
drop. This curve was determined testing several blunt notched coiled tubing specimens, with different stationary crack arc
lengths. The potential drop was measured for every blunt notched specimen applying a 30A direct current, passing through
the whole specimen cross-section through the wires connected to the specimen. Potential drop was measured on the sides of
the crack arc length.

Once the potential drop calibration curve was determined, fracture tests of precracked and blunt notched specimens were
conducted. Coiled tubing segment specimens were isolated with MICA plates (silicate mineral) between four point bending
rollers and the tube segments.
Table 1
Details of BN test specimens for G(a/W) determination and potential drop calibration.

Mat Blunt notched

Spec. Out diameter [mm] Wall thickness [mm] 2C [mm] W [mm]

A CTABN1 51.1 5.30 91.0 160.5
CTABN2 51.1 5.30 96.0 160.5
CTABN3 51.1 5.30 77.5 160.5
CTABN4 51.1 5.30 83.5 160.5

Table 2
Details of BN and PC specimens used for Spb method application.

Mat Blunt notched Pre cracked

Spec. Out diameter
[mm]

Wall thickness
[mm]

2C
[mm]

W
[mm]

Spec. Out diameter
[mm]

Wall thickness
[mm]

2C0

[mm]
W
[mm]

B CTBBN12 51.1 5.30 102 160.5 CTBPC1 51.1 5.30 72.6 160.5
CTBPC2 51.1 5.30 72.2 160.5

CTBBN1 51.1 5.30 94.8 160.5 CTBPC3 51.1 5.30 86.8 160.5
CTBBN2 51.1 5.30 76.0 160.5
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Fig. 2. Potential drop calibration curve.
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After testing, specimens were heat tinted, then cooled and broken. The initial and final crack arc lengths were measured
on the fracture surface.

3. Results and discussion

3.1. Potential drop calibration

The potential drop calibration was performed testing different 2C/W ratios on blunt notched coiled tubing specimens,
where 2C is the coiled tubing crack arc length, and W the tube perimeter used as width, Fig. 1. Calibration obtained is shown
in Fig. 2. The potential drop measured was normalized with the current density in order to be independent of the coiled tub-
ing diameter and thickness.

3.2. Geometry function G(a/W) determination

The blunt notched specimens described in Table 1 were tested up to maximum load in order to determine the geometry
function G(2C/W) for coiled tubing, where 2C is the coiled tubing crack arc length. Fig. 3 shows the load vs. plastic displace-
ment records of material A.
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Fig. 4 shows the Sij parameters calculated from the load ratio between two blunt notched specimens at constant displace-
ment. The separability parameter is almost constant for the whole range of plastic displacement, except for a limited region
at the beginning of plastic behavior. The Sij parameter constancy evidence the existence of the separability property for this
material and configuration for a wide range of crack lengths.

Fig. 5 shows the geometry function determined [26] fitting a potential function to the Sij vs. bo/W values. This allowed the
use of the Spb method for 4P bend coiled tubing testing.
3.3. The use of Spb method for coiled tubing specimens

Precracked and blunt notched coiled tubing specimens showed in Table 2 were tested. A testing scheme in four-point
bending with potential drop implementation is shown in Fig. 6a–c show the fracture surfaces of precracked and blunt-
notched specimens respectively.

Fig. 7 shows the load vs. plastic displacement obtained for both configurations and both materials.
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Fig. 6. (a) Precracked coiled tubing fracture test. (b) Precracked coiled tubing fracture surface. (c) Blunt notched coiled tubing fracture surface.
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According to the Spb method definition, it is required that the blunt notched specimens should have at least the same plas-
tic displacement than the precracked specimens. Fig. 7 shows that none of the blunt notched specimens fulfill this require-
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ment for Material A. Instead, for material B, CTBBN12 presented the same plastic displacement than the precracked speci-
mens CTBPC1 and CTBPC2, and CTBBN1 and CTBBN2 presented more plastic displacement than the precracked specimen
CTBPC3. Hence, the Spb method was applied only to material B.

Blunt notched specimens Material A began to suffer an incipient crack growth and the tests had to be stopped at a lower
plastic displacement than the already tested precracked specimens. This method limitation was already noted in a previous
paper [27].

Spb parameter was determined as shown in Fig. 8.
Crack lengths for every point of the load vs. plastic displacement curves were determined by applying Eq. (5). It is impor-

tant to note that in order to use Spb method for coiled tubing specimens the geometry function had to be determined, as it was
obtained in point 3.2 of this work. Besides, due to coiled tubing fracture specimens were coiled tubing segments, the letter a,
which represents the crack length in a standard fracture toughness specimen, was changed to 2C because in coiled tubing
segment specimens the crack is a crack arc length, Fig. 1.

Fig. 9 shows crack arc lengths 2C obtained by the Spb method together with potential drop and fracture surface
measurements.
0 2 4 6 8 10 12 14 16 18
0

1

2

3

4

5
S
pb

 CTBPC1- CTBBN12
S
pb

 CTBPC2- CTBBN12

S
pb

pl [mm]

Material B
(a) 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
0

1

2

3

 Spb CTBPC3-CTBBN1
 Spb CTBPC3-CTBBN2

s P
b

pl 
(mm)

Material B(b)

ν

ν

Fig. 8. Spb parameter vs. plastic displacement.



370 J. Wainstein, J.E. Perez Ipiña / Engineering Fracture Mechanics 178 (2017) 362–374
Measurements on coiled tubing fracture surface for final crack arc lengths were not simple due to tunneling occurring on
the crack front and roundness of the specimens after tested. Anyway nine measurements were made for each arc length and
an average value was obtained. Fig. 10a.

Spb method estimates a lower initial crack length for specimen CTBPC2 of material B, being the highest difference 3.46%,
Table 3, while PD underestimated the crack lengths in a 1.66%. On the other hand, Spb presented a better behavior for mate-
rial C, estimating initial crack lengths for both specimens with a difference with fracture surface of 1.95%.

The differences for final crack arc length were less than 1% for Spb method and less of 5.34% for potential drop method,
Table 4.

Table 5 shows the stable crack arc growth differences between Spb and potential drop methods with fracture surface mea-
surements. For both materials the worst behavior of Spb method was for specimen CTBPC2, in coincidence with the worst
estimation of PD.

Two different blunt notched specimens with different 2C/W were used for the same preckracked specimen, CTBPC3. No
appreciable differences were found on the crack length estimations.

As it was already mentioned above, some out of roundness was detected on the tubes fracture surface after testing. Diam-
eters D1 and D2 were measured, as Fig. 11 shows, before and after de tests. Results are shown in Table 6.

The most appreciable out of roundness was found on specimen CTBPC2, in coincidence with the poorest behavior of
method’s estimations (see Fig. 9b).

The differences in estimated initial and final crack lengths were in all the cases less than 5.35% when compared to the
fracture surface measurements. Instead, differences were larger when compared to potential drop measurements; although
the more important error can be attributed to PDmeasurement, may be due to resistivity changes due to plastic deformation.
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Fig. 9. Crack lengths obtained by Spb method, potential drop and fracture surface measurements. (a) (CTBPC1- CTBBN12), Material B, (b) (CTBPC2-
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Fig. 10. Coiled tubings blunt notched fracture surface. Precracked coiled tubing specimens.

Table 3
Initial crack arc growth estimated by Spb method, potential drop method and fracture surface measurements.

PC BN 2Co 2Co 2Co % Diff. %Dif
Fract. Surf [mm] Pot. Drop [mm] Spb [mm] (Spb -FS) (PD-FS)

CTBPC1 CTBBN12 72.6 71.63 72.0 �0.82 �1.33
CTBPC2 72.2 71.0 69.7 �3.46 1.66
CTBPC3 CTBBN1 86.8 86.48 85.1 1.95 �0.13

CTBBN2 86.8 86.48 86.2 �0.69 �0.13

Table 4
Final crack arc growth estimated by Spb method, potential drop method and fracture surface measurements.

PC BN 2Cf 2Cf 2Cf % Diff. %Dif
Fract. Surf [mm] Pot. Drop [mm] Spb [mm] (Spb -FS) (PD-FS)

CTBPC1 CTBBN12 88.9 85.9 88.0 �1.01 �3.37
CTBPC2 87.8 83.2 88.5 0.79 �5.34
CTBPC3 CTBBN1 92.3 91.7 92.3 0.00 0.65

CTBBN2 92.3 91.7 92.6 0.32 0.65

Table 5
Stable crack arc growth estimated by Spb method, potential drop method and fracture surface measurements.

PC BN D2C D2C D2C % Diff. %Dif
Fract. Surf [mm] Pot. Drop [mm] Spb [mm] (Spb -FS) (PD-FS)

CTBPC1 CTBBN12 16.3 15.0 16.0 �1.84 �7.97
CTBPC2 15.6 12.4 18.8 20.5 �20.6
CTBPC3 CTBBN1 6.20 5.50 5.92 �4.51 �11.3

CTBBN2 5.35 5.70 5.88 9.90 6.54
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JR curves were determined using Spb and potential drop for crack length estimations. The J-integral evaluation from test
data was made by using the derived limit load analyses developed by Chattopadhyay et al., based on expressions ofgpl and c
functions [23,28].

Due to differences in crack length estimations and D2C values obtained by Spb and potential drop methods, the respective
R curves do not coincide in all their extension. In every case, both curves present almost the same shape (see Fig. 12).

Fig. 13 shows all the JR curves determined by Spb methodology. As it was reported in other authors work [28], coiled tub-
ing JR curves varied with 2C0/W. Differences in initial slope could be related to in plane constraint dependence.

Spb method shows a good performance for crack length estimations and JR curves determination for coiled tubing non-
standard specimens. Results are very encouraging. On the other hand, it seems to be a better performance of Spb method
when the extension of crack growth was lower than 7 mm, as in CTBPC3. No appreciable difference was observed in the
Spb method behavior due to different blunt notched crack length used.

Authors considered that more work ought to be done in applying Spb method for tube specimens. The effect of roundness,
amount of crack extension and crack tunneling could be further analyzed.
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Fig. 12. JR curves for every coiled tubing specimen.

Table 6
Roundness measurements.

PC D1i D2i D1f D2f %Diff. D1 %Diff. D2

CTBPC1 51.02 50.99 51.15 50.73 +0.25 �0.51
CTBPC2 51.09 50.91 51.40 50.60 +0.60 �0.60
CTBPC3 51.15 50.70 51.28 50.65 +0.25 �0.10
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4. Conclusions

Fracture toughness tests of coiled tubing are complex to be performed due to small thickness and diameter of the tubes.
Non-standard specimens must be used. Considering these difficulties, in order to facilitate the task, Spb method was applied
to coiled tubings specimen configuration for the first time. It simplifies the crack length estimation without extra technology
devices. For this purpose, geometry function was determined using blunt notched coiled tubing specimens for the applica-
bility of the Spb method on this kind of tubes.

Potential drop was also used as comparison and a calibration curve was also constructed.
The final crack length estimation differences of Spb method and fracture surface measurements were lower than �5.34%.

In the case of total crack length extension the mayor difference was found on specimen that more out of roundness suffered.
Spb method shows a good performance for crack length estimations and JR curves determination for coiled tubing non-

standard specimens, simplifying times and facilities.
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